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Resveratrol regulates skeletal muscle fibers switching through the AdipoR1-AMPK-PGC-1α pathway This study was conducted to investigate the effect and underlying mechanism of Resveratrol (RES) in regulating skeletal muscle fiber-type switching. We found that RES had no effect on the body weight and food intake of Kunming mice (KM mice) that were orally administered with 400 mg kg
weeks. Notably, the RES administration significantly increased the expression of myosin heavy chain (MyHC) 1, MyHC2a, and MyHC2x in the extensor digitorum longus (EDL) and soleus (SOL) muscles. Furthermore, the muscle immunostaining of the results showed that the RES treatment led to the myofiber type transition from glycolytic to oxidative in muscles. The mRNA and protein levels of the adiponectin receptor (AdipoR), AMP-activated protein kinase (AMPK), peroxisome proliferator-activated receptor-γ coactivator-1α (PGC-1α) in EDL and SOL were drastically increased after RES treatment.
Introduction
Muscle fibers are the basic muscle units. Based on the myosin heavy chain (MyHC) polymorphism, skeletal muscle fiber types in mammals are divided into four types: MyHC1 (Type I), MyHC2a (Type IIA), MyHC2x (Type IIX), MyHC2b (Type IIB). 1 Types I and IIA are considered to be oxidative fibers, containing relatively large mitochondria and myoglobin contents. 2 Type I muscle fiber is also known as slow fiber. Type IIB is considered to consist of glycolytic fibers, containing greater amounts of glycogen and glucose. Skeletal muscle fiber plays an important role in determining the performance of athletes. 3 Elite endurance athletes have a high percentage of oxidative muscle fibers in their skeletal muscles. 4 In addition, having more oxidative muscle fibers provides more resistance to the dystrophic pathology in Duchenne muscular dystrophy patients. 5 Various factors such as exercise, nutrition, hormone levels, and external environmental stimuli can affect the mutual transformation of muscle fiber types. 2, 6, 7 Therefore, increasing the proportion of oxidative type I muscle fiber is the main way to enhance endurance and relieve muscle diseases caused by oxidative muscle fiber deficiency. Resveratrol (RES), a natural polyphenol, is extracted from polygonum cuspidatum, peanut, grape seed and other plants. Numerous studies have revealed its extensive biological activity including anti-inflammatory 8 and anti-oxidative effect, 9 extending the lifespan of diverse species, 10,11 preventing early atherosclerotic events 12 and treating obesity and diabetes. 13, 14 It has been reported that RES plays an important role in the regulation of muscle fiber type transformation toward more oxidative muscle fibers. 13, 15, 16 However, the underlying mechanism is not well understood. Adiponectin (AdipoQ) is known as one of the important adipocytokines. Adiponectin is closely related to the development of insulin resistance and type 2 diabetes, 17 and negatively correlated with the development of atherosclerosis. 18 Krause et al. (2008) found that Adiponectin was expressed in the skeletal muscle fibers of mouse and was able to regulate the muscle fiber types. 19 Iwabu et al. (2010) found that Adiponectin and adiponectin receptor 1 (AdipoR1) regulate PGC-1α and mitochondria by Ca 2+ and AMPK/SIRT1, and then increase the oxidative type I myofibers in the skeletal muscle. 20 However, whether RES could regulate the skeletal muscle fiber types switching through the adiponectin pathway remains unclear. Therefore, in this study, we investigated the effects of RES on the expression of AdipoR and muscle fiber type-related genes. In addition, whether RES regulates muscle fiber type switching through AdipoR1 or AdipoR2 was also determined.
Method

Animals and sample collection
Male KM mice (n = 20, License No. SCXK Gui 2014-0002) of 21 days of age were used as experimental animals. The mice were housed in the animal facility with 25°C, 50% relative humidity, 12 : 12 light-dark cycle. The mice had free access to a commercial diet and water during the experimental period. The basal diet used in this study was purchased from the Jiangsu Xietong Organism Company in China. The nutrients for the formula feeds of mice were formulated according to the National Standards of China, GB14924.3-2010. All of the mice were randomly divided into two groups: the dimethyl sulfoxide (DMSO) solvent group (control group, n = 10) and the 400 mg kg −1 day −1 RES (Solarbio, Beijing, China) group (n = 10) dissolved in DMSO by oral gavage, as previously described. 21 The experimental period lasted for 12 weeks. This study was performed in strict accordance with the NIH guidelines for the care and use of laboratory animals (NIH Publication No. 85-23 Rev. 1985) and was approved by the Institutional Animal Care and Use Committee of Guangxi University (Nanning, China). At the end of the experiment, blood samples were collected from the mice after 12 h of fasting. All of the mice were sacrificed by neck dislocation. The heart, liver, spleen, lung, kidney, tibialis anterior muscle (TA), gastrocnemius muscle (GAS), extensor digitorum longus (EDL), soleus muscle (SOL), brown adipose tissue (BAT) and white adipose tissue (WAT) were collected for analysis.
Plasma adiponectin level measurement
The plasma adiponectin levels were measured by a commercial ELISA kit (Westang Biotechnology Systems, Shanghai, China).
Cryosectioning, immunostaining and image capture
Fresh muscle samples, including the EDL and SOL muscles from mice, were embedded in an optimal cutting temperature (O.C.T) compound (Sakura Finetek), followed by snap freezing in a dry ice cooled bath containing isopentane. A Leica CM 1850 cryostat was used to cut the muscles into 10 μm thick sections. The sections were placed on Superfrost Plus glass slides (Electron Microscopy Sciences). A blocking buffer (2% bovine serum albumin, 5% horse serum, 0.2% Triton X-100 and 0.1% sodium azide in PBS) was used to block the tissue sections for 30 min. The incubated tissues with primary antibodies NOQ (Abcam) and MF20 (Developmental Studies Hybridoma Bank, Iowa, USA) were diluted using the blocking buffer for 1 h at room temperature, then incubated with secondary antibodies and Hoechst stain (diluted in PBS) for 30 min at room temperature, and finally mounted with Dako fluorescence mounting media (Glostrup, Denmark). The fluorescence images were captured by a Leica-TCS-SP8MP fluorescence microscope (Mannheim, Germany). The immunostaining and image capture were done as previously described. 22 
Cell culture and treatment
The C2C12 myoblasts were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS) at 37°C and 5% CO 2 . The C2C12 cells were induced to undergo myogenic differentiation with a differentiation medium containing 2% horse serum for 6 days. For the RES treatment, C2C12 cells were treated with 20 μM resveratrol or a solvent (DMSO).
Knockdown of AdipoRs with AdipoRs-shRNA plasmids
Both AdipoR1 and AdipoR2 shRNA plasmids were bought from GeneCopoeia (GeneCopoeia, China). The AdipoR1-shRNA and AdipoR2-shRNA plasmids were each transfected into C2C12 cells at a confluence of 70% with Lipofectamine™ LTX & Plus Reagent (Thermofisher Scientific, Shanghai, China), according to the manufacturer's instruction. C2C12 cells transfected with a corresponding empty vector of the AdipoRsshRNA plasmid served as the control groups. The C2C12 cells were transfected with different shRNA plasmids and were incubated in a culture medium with or without 20 μM resveratrol for 48 h. The experimental group of RNAi is listed in Table 1 . At the end of the experiment, cells of different groups were collected for further analysis.
Total RNA isolation and real-time PCR
The total RNA from tissues or cells was extracted and purified using RNAiso (TAKARA, Dalian, China), according to the manufacturer's instructions. The total RNA was dissolved in RNasefree H 2 O and it's concentration and purity were measured with Table 2 , as previously described. 23 The relative amount of gene expression was analyzed using the 2 −ΔΔCT method and 18S ribosomal RNA as a control for normalization.
Western blot analysis
We used RIPA buffer to isolate the total protein from mice tissues or C2C12 cells. The protein concentration was determined using a Bio-Rad protein assay kit from Bio-Rad Laboratories (Bio-Rad Laboratories, Benicia, California, USA). Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was run for separating the protein. The proteins were transferred to a polyvinylidene difluoride membrane, blocked with 5% non-fat dry milk in 0.05% Tris-buffered saline-Tween 20 for 1 hour at room temperature, and then incubated with primary antibodies in 5% milk overnight at 4°C. The AdipoQ, AdipoR1, AdipoR2, AMPK, PGC-1α, GAPDH antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz Biotechnology, USA). The membranes were incubated with a horseradish peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology, USA) for 1 h at room temperature. An enhanced chemiluminescence western blot substrate (Pierce Biotechnology) was used to perform the immunodetection, which were detected with the ChemiDoc™ MP Imaging System (Bio-Rad, USA). The bands were analyzed by density analysis with the Image J software. The results for the western blot shown in figures are representative results from at least three independent experiments.
Data analysis
All experimental data are presented as a means ± standard error of the mean (SEM). The Student's t-test was adopted to assess the significance of differences. A P-value of less than 0.05 was considered statistically significant.
Results
Effects of RES treatment on mice growth
First, we directly examined the effects of the RES treatment on animal growth and tissue/organ weight. We found that the RES treated mice were indistinguishable from their littermates (Fig. 1A) . The RES treatment did not affect food intake (Fig. 1B) . The RES-treated mice had a similar body weight and growth rate to those of the control mice (Fig. 1C) . Moreover, the weight of different tissues, except for brown fat, from the KM mice orally administered with 400 mg kg (Fig. 1D ). Taken together, the RES treatments did not affect the growth of the mice.
RES treatment affects the fiber type related gene expression in muscle
Next, we examined the effects of RES on muscle fiber types. We found that the RES treatment significantly increased the mRNA levels of MyHC1 (36.43%, P < 0.001), MyHC2a (49.63%, P < 0.001) and MyHC2x (109.34%, P < 0.001) in EDL, respectively ( Fig. 2A) . Likewise, the mRNA levels of MyHC1, MyHC2a, and MyHC2x in SOL were also increased by 145.84% (P < 0.001), 270.48% (P < 0.001) and 181.54% (P < 0.001), respectively (Fig. 2B) . These results demonstrated that the RES treatment affects the expression of muscle fiber type related genes.
RES treatment affects the myofiber composition in muscle
To further explore the effects of RES on skeletal muscle fiber type switching, we examined the myofiber composition in EDL and SOL muscles. Fig. 3A , B, D, and E show that the representative staining of the SOL and EDL muscle sections were labeled with monoclonal antibodies specific for Type I (MyHC1), IIA (MyHC2a), and IIB (MyHC2b) myosin heavy chains. In the slow SOL muscle, the RES treatment increased the percentage of Type I myofibers from 40% to 50% (P < 0.01) (Fig. 3C) . Furthermore, the Type IIX myofiber was reduced from 9% to 3% (P < 0.01). In the fast EDL muscle, a significant reduction from 69% to 60% (P < 0.05) in the Type IIB myofiber was observed after the RES treatment. In contrast, an increase of 7% was observed in the Type IIA myofiber (P < 0.01). Taken together, these results indicate that the RES treatment leads to the myofiber type transition from glycolytic to oxidative in the muscles. 
RES treatment affects the expression of adiponectin pathway related genes
To determine whether RES could affect the expression of adiponectin pathway related genes, we examined the mRNA and protein levels of AdipoQ, AdipoR1, AdipoR2 in EDL and SOL muscles. We found that the RES treatment drastically increased the expression of AdipoQ, AdipoR1, and AdipoR2 in EDL ( Fig. 4A and 5A , B) and SOL ( Fig. 4B and 5C , D) muscles. Notably, the RES treatment also significantly increased the expression of AMPK and PGC-1α in the SOL and EDL muscles (Fig. 4A, B and 5A-D) . In addition, a significant increase in the AdipoQ concentration of the RES treatment group was detected in comparison with that of the control group (Fig. 6 ). These findings suggest that the RES treatment may regulate the fiber type via upregulating the expression of AdipoR1, AdipoR2 and their downstream targets, including AMPK and PGC-1α, in the skeletal muscle.
RES upregulates MyHC1 expression through the AdipoR1-AMPK-PGC-1α pathway
To further confirm that RES could regulate MyHC expression, we treated C2C12 cells with RES. We found that the RES treatment increased the mRNA levels of MyHC1 by 56.61% (P < 0.001), while it decreased the MyHC2b mRNA levels by 11.30% (P < 0.05), compared to the control group (Fig. 7A) , indicating a glycolytic to oxidative fiber switching. Notably, the mRNA expression of AdipoQ, AdipoR1, AdipoR2, AMPK and PGC-1α was also increased by 62.18% ( p < 0.001), 32.11% ( p < 0.001), 35.06% ( p < 0.001), 19.37% ( p < 0.05) and 40.21% ( p < 0.001), respectively (Fig. 7A) . The protein expression of AdipoQ, AdipoR1, AdipoR2, AMPK and PGC-1α was also increased by 72.05% ( p < 0.01), 60.02% ( p < 0.01), 41.05% ( p < 0.01), 50.00% ( p < 0.01) and 60.04% ( p < 0.01), respectively (Fig. 8A) . These results suggest that the RES treatment causes muscle fiber switching from glycolytic to oxidative, and that the adiponectin signaling pathway may be involved in this process.
To determine whether the RES treatment affected MyHC expression through the adiponectin pathway, we used RNA interference to knockdown the expression of AdipoR1 and AdipoR2 in C2C12 cells.
Compared with the control group, the gene mRNA expression level of AdipoR1 was clearly decreased by 56% by transfecting the AdipoR1 shRNA (Fig. 7B) . Compared with the control group, the gene mRNA expression level of AdipoR2 was notably decreased by 59% by transfecting the AdipoR2 shRNA Fig. 1 The effects of RES on mice growth. The representative image of mice and the skeletal muscles (A), the food intake (B), the body weight (C) and the tissues weight (D) of RES-treated or non-treated mice. Each value represents the mean ± SEM. *P < 0.05, n = 10. (Fig. 7C) . The knockdown of AdipoR1 significantly decreased the mRNA and protein levels of AMPK and PGC-1α ( Fig. 7B  and 8C, D) . Furthermore, the knockdown of AdipoR1 abolished the effects of RES on AMPK and PGC-1α expression ( Fig. 7B and 8C, D) . However, the knockdown of AdipoR2 did not affect the mRNA and protein levels of the expression of AMPK and PGC-1α ( Fig. 7C and 8E, F) . In addition, the RES treatment could still upregulate the mRNA and protein levels of AMPK and PGC-1α expression in AdipoR2-silencing C2C12 cells (Fig. 7C and 8E, F) . Taken together, these results demonstrate that RES affects MyHC1 expression through activating the AdipoR1-AMPK-PGC-1α pathway. 
Discussion
In this study, we showed that the RES treatment could upregulate MyHC1 expression in vivo and in vitro. Furthermore, we found that the RES treatment increased the plasma adiponectin content and the expression of AdipoR1, AMPK and PGC-1α. Mechanistically, we demonstrated that RES upregulates MyHC1 expression through the AdipoR1-AMPK-PGC-1α pathway.
RES, a natural polyphenol, can be extracted from different plant species such as peanuts and grapes. In this study, we observed that the treatment with RES at the dose of 400 mg kg −1 d −1 for 12 weeks had no significant effect on food intake or body weight, which is consistent with previous studies. 24, 25 In mammals, there are two adipose tissue types: white adipose tissue (WAT) and brown adipose tissue (BAT). WAT is considered to be the primary site of triglyceride storage, while BAT is specialized in energy expenditure and thermogenesis, dissipating energy as heat.
26-28 Andrade et al. (2014) found that
Resveratrol promotes BAT thermogenic gene expression and energy metabolism in mice fed a standard diet. 29 Wang et al.
(2016) found that RES enhances brown adipocyte formation and function in mice that were fed a high-fat diet through activating AMPKα1. 30 In agreement with the previous findings, we found that RES increased the BAT expression. In our study, RES effectively increased the AdipoQ protein content in the serum of mice, which led to a significant effect on the target tissue, including the adipose tissue and muscle through blood circulation. AdipoQ can also target its receptors, including AdipoR1 and AdipoR2, in the peripheral tissues through blood circulation. Our previous results reveal that the AdipoQ gene transfer by hydrodynamic based-gene delivery can enhance lipid catabolism in epididymal white fat, gastrocnemius, and extensor digitorum longus of mice through activating the AMPK, SIRT1, and PGC-1α. 31 Therefore, the effects of RES on brown adipocyte formation may be through the AdipoQ signaling pathway. Thus, we will focus on the effect of RES on BAT in future studies. Many studies in recent years have shown that RES plays a crucial role in improving mitochondrial function 15, 32 and regulating muscle fiber type transformation. 15, 16 In a previous study, dietary RES supplementation was shown to play a positive role in increasing the transcription level of MyHC2a and reducing that of MyHC2b, along with the decrease of myofiber cross-sectional area. 17 In this study, we also observed that RES could significantly upregulate MyHC1, MyHC2a, and MyHC2x gene expression levels in skeletal muscle (EDL and SOL) in KM mice. Furthermore, the muscle immunostaining of the results showed that RES treatment led to the myofiber type transition from glycolytic to oxidative in muscles, which was the direct evidence of the effects of RES on skeletal muscle fiber type switching.
The AMPK/PGC-1α signaling pathway has been found to play a key role in the energy metabolism of muscle tissues and be closely associated with the muscle fiber type transformation. Exercise training activates AMPK ascribed to the increase of the AMP/ATP ratio and Ca 2+ flux during muscle contraction, enhancing the activity of PGC-1α, which is a vital regulatory factor of fiber transformation from type 2 to type 1 in the skeletal muscle. [33] [34] [35] The skeletal muscle-specific PGC-1α knockout mice exhibited a muscle fiber switch from oxidative type 1 and 2a to type 2x and 2b muscle fibers. 36 Adiponectin, one of the adipocytokines, could regulate AMPK/ PGC-1α transcription in energy metabolism by Hydrodynamics-based gene delivery. 31 Also of note, the incubation with gAcrp30 (2.5 μg ml −1 ) for 30 min on EDL led to an increase in the AMPK expression level and glucose uptake. 37 The serum adiponectin levels positively correlated with type 1 muscle fiber and negatively correlated with type 2b muscle fiber. 38 In a previous study, the adiponectin gene has been reported to increase the oxidative type I myofiber by regulating the AMPK and PGC-1α expression. 20 In our study, we found that RES effectively increased the AdipoQ protein content in the serum of mice, as well as the gene expression of AdipoQ in EDL and SOL. In addition, the muscle fiber type results showed that RES could regulate the transcriptional activity of type 1 fiber by raising the transcription level of AMPK and PGC-1α in vivo and in vitro. Therefore, these results indicate that RES may regulate the skeletal muscle fiber switching through the adiponectin signaling pathway. In the adiponectin signaling pathway, there are two different receptors for adiponectin: AdipoR1 and AdipoR2, which are abundant in skeletal muscle and liver, respectively. They are distinct from the G-protein-coupled receptors in structure and function, although both receptors contain seventransmembrane domains. 39, 40 Moreover, it has been shown that AdipoR1 activates the AMPK pathway; in contrast, AdipoR2 activates the PPARα pathway in the liver. 41 The muscle-specific disruption of AdipoR1 can decrease the activation of AMPK and PGC-1α by adiponectin, oxidative type I muscle fiber, and exercise endurance. However, the suppression of AdipoR2 expression by specific short interfering RNA Each value represents the mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, n = 6.
(siRNA) failed to reduce the mitochondrial biogenesis that has been induced by adiponectin. 20 To ascertain whether RES regulates muscle fiber types by AdipoR1 or AdipoR2 in the adiponectin signal pathway, an experiment was performed to determine the effects of resveratrol on the expression of adiponectin signal pathway genes and AMPK/PGC-1α pathway genes in C2C12 cells by transfecting them with specific short hairpin RNA (shRNA) of AdipoRs. Here, our research showed that the expression of AMPK and PGC-1α significantly decreased after silencing AdiopR1, but no change was observed after silencing AdiopR2. The knockdown of AdipoR1 expression could abolish the effect of RES on AMPK and PGC-1α expression. However, RES significantly increased the AMPK and PGC-1α expression in the AdipoR2-silencing C2C12 cells. The results indicate that AdipoR1 is involved in the regulatory process of RES on muscle fiber type switching.
Conclusions
In conclusion, the RES treatment results in muscle fiber switching from glycolytic to oxidative through the AdipoR1-AMPK-PGC-1α pathway. These results enhance our understanding of the regulation of RES on muscle fiber type switching and further suggest that RES may be used as a muscle fiber regulator for controlling the proportion of type I muscle fiber. This work may provide a new strategy for enhancing endurance and relieving muscle diseases caused by oxidative muscle fiber deficiency.
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